Introduction
Promotion of the valorization and utilization of slag are important for maintaining sustainable steel production in Japan. Recent statistics show that converter slag in Japan is generated at about 125-130 kg/t-steel; 1) a rate which is still gently increasing. Out of this converter slag, 22.7% is recycled within steel plants, whereas 29.2% is used as road material, and 31.8% for civil construction. This conventional division of utilization has been unchanged for years but is expected to be less expansive in the near future. Also, steelmaking slag is cheap for conventional use because of its low added-value and that there are various other competing materials.
Another natural resource issue vital to Japan is phosphorus; this being entirely imported. In 2015, about 112 000 tons of phosphorus were imported as phosphate rock, phosphoric acid, and phosphate fertilizer, etc. 2) Natural resources of phosphorus, especially high-grade phosphate ore, are being depleted, but the demand for phosphate fertilizer keeps rising owing to the explosion of the human population. 3) Under such circumstances, securing adequate phosphorus resources
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KEY WORDS: steelmaking slag; phosphorus; leaching; nitric acid; Fe valency. becomes a crucial problem. Thus, the domestic recycling of phosphorus from secondary resources has been gaining attention, and many techniques for recovering phosphorus from sewage are now being developed. 4) It is also relevant to note, that in 2015 there were 11 614 000 tons of steelmaking slag generated that contained about 86 000 tons of phosphorus. This amount is approximately 1.5 times larger than the phosphorus content of domestic sewage and is also 3 times larger than that present in total imports of phosphate ore. Furthermore, sewage has a low phosphorus content and is widely distributed throughout all localities, whereas sources of steelmaking slag are concentrated only in integrated steelworks; in addition, harmful elements such as mercury or arsenic are absent. Steelmaking slag can be thereby considered as a quality secondary resource of phosphorus.
At the refining temperatures of steelmaking slag, phosphorus is distributed between the 2CaO·SiO 2 -3CaO·P 2 O 5 solid solution (C 2 S-C 3 P), and the liquid phase. After cooling, phosphorus is predominantly presented in the solid solution, except in a few cases, where the liquid phase turns into glassy oxides due to quenching. Therefore, in steelmaking slag, it is necessary to separate the C 2 S-C 3 P solid solution from other phases to optimize the recovery of phosphorus. Separation of C 2 S-C 3 P is achieved by already developed methods exploiting its differences from other phases, in terms of magnetic properties, 5) differences in density, 6, 7) and capillary separation. 8) This study is focused on differences in the water solubility of the phases in order to selectively leach P out of C 2 S-C 3 P from the steelmaking slag . Previously, serial studies on the leaching of slags rich in P 2 O 5 have been conducted, [11] [12] [13] which have assumed that the P 2 O 5 content in dephosphorization slag arises due to iron ore depletion; this process will be increasingly used in the future. We found that the solid solution phase had readily dissolved while the dissolution of the matrix phase was suppressed after modifying the molten slag with Na 2 O and K 2 O. Favorable selectivity in leaching was obtained when the leachate pH was 6, as controlled by citric acid. Owing to the high content of P 2 O 5 in the solid solution phase, phosphorus content in leachate was also high, whereupon the phosphate was successfully precipitated from leachate by adjusting the pH.
A selective leaching of phosphorus from the actual steelmaking slag by citric acid was also studied. 14) As the 3CaO·P 2 O 5 content in the solid solution was low, because of the low P 2 O 5 content in the actual steelmaking slag, the solid solution phase was mostly dissolved at pH 3, even without the Na 2 O modification. A selective leaching was then achieved by suppressing the dissolution of the other phases through slow cooling and control over the Fe 2 + /Fe 3 + in the slag. 14) However, it was difficult to recover phosphorus from the leachate by increasing the pH, because citric acid is a weak acid and thus there are large amounts of citrate ions in the leachate.
Since the C 2 S-C 3 P solid solution can also be dissolved by nitric acid at pH 3, 9) leaching experiments with nitric acid have been performed on a synthetic slag melted at 1 673 K followed by quenching. The selectivity was however insufficient, even at the decreased pH of 3. Based on our previous studies which focused on utilizing steelmaking slag as fertilizer for paddy cultivation, 15) the aforementioned glassy phase was readily dissolved by nitric acid at pH 4 when the Fe 2+ / Fe 3+ ratio was high. It is therefore reasonable to conclude that the dissolution of other phases, especially the glassy phase, affects selective leaching of the solid solution phase.
We have thus investigated the possibility for selectively leaching C 2 S-C 3 P solid solution phase by nitric acid through controlling the Fe 2 + /Fe 3 + ratio and mineral structures of the steelmaking slag. Moreover, experiments were also performed on the recovery of phosphate from the leachate.
Experimental

Synthesis of Mineral Phases and Slag
Steelmaking slag includes dephosphorization and decarburization slags, where their composition and cooling conditions differ according to the steel works. We previously investigated the composition and mineral structures of 10 brands of commercial fertilizers made from crushed and packed steelmaking slag. We found several mineral phases common to all brands: C 2 S-C 3 P solid solution, MgO-FeO x phase, CaO-FeO x phase, free-CaO, metallic iron, and the glassy phase whose composition corresponded to the liquid phase at a steelmaking temperature. 16) The subject materials, for studying dissolution in nitric acid, consisted of synthesizing each of the above phases except free-CaO and metal-lic iron, which were obtained from raw materials. The CaO was obtained after baking CaCO 3 at 1 273 K while the FeO was made by reacting metallic iron with Fe 2 O 3 at 1 723 K. Reagents were used to synthesize the other phases according to a previous study. 16) Because P 2 O 5 is unstable, 3CaO•P 2 O 5 was used instead. Except the glassy phase, the others were synthesized by reacting solid chemicals at 1 473-1 873 K for 48 h. The glassy phase containing FeO was made from a mixture of oxide reagents melted at 1 673 K in a Fe crucible under Ar and then quenched by water, whereas the glassy phase containing Fe 2 O 3 , used the same melting process, except for being performed under air and in a MgO crucible.
The chemical composition of each synthetic phase is shown in Table 1 , where those of the crystal phases were the mixing ratio of their reagents, while the glassy phases were the analyzed values by using inductively coupled plasma with atomic emission spectroscopy (ICP-AES). The iron oxide valency in each phase was assumed to follow the mixing ratio. The C 2 S-C 3 P solid solution was synthesized according to the composition determined in the slag fertilizers in addition to the CaO-SiO 2 -P 2 O 5 ternary system. The selected glassy phases were composed of the CaO-SiO 2 -FeO ternary system, the CaO-SiO 2 -FeO-P 2 O 5 quaternary system, and the compositions observed from slag fertilizers. The MgO-FeOx and CaO-FeOx phases were synthesized according to their observed compositions of slag fertilizers. Either FeO or Fe 2 O 3 were used for synthesizing the MgO-FeO x phase, while Fe 2 O 3 was used to synthesize the CaO-FeO x phase.
The artificial slag was produced by mixing chemical reagents that represented the composition of the slag fertilizer, 16) and then melted in a MgO crucible followed by slow cooling at a rate of 3 K/min. Either FeO or Fe 2 O 3 were chosen as iron oxides for synthesis. Slags with different mixing ratios of FeO to Fe 2 O 3 were also synthesized to study iron valency effects. The analyzed composition of each artificial slag is shown in Table 2 . The titration method was used to determine the Fe 2 + to Fe 3 + ratio of the prepared slag.
Leaching Test
The leaching test was performed according to the previous studies, 10, 14) for each synthetic phase as follows: Into a polyethylene container agitated by a rotating stirrer, 1 g of granulated powder ( < 53 μm) of each phase was added to 400 ml of deionized water at a temperature set to 298 K by a water bath, and with air bubbling through during the leaching. To keep the pH constant, dilute nitric acid was poured into the leachate immediately after the granulated powder had been added. The leaching lasted 120 min. During leaching, 5 ml of leachate was sampled at several time intervals, and then filtered followed by ICP-AES analysis. The leaching of artificial slag follows the same leaching procedure of synthetic phases. In some cases, however, 4 g of powder was used for the artificial slag samples in order to obtain a leachate mass of phosphorus sufficient for the precipitation test.
Precipitation Test 14)
The leachates obtained after 120 min in the artificial slag samples were separated from the slag residue by filtration, of which 100 ml were then placed into another polyethylene container and the pH increased by adding NaOH solution (1 mol/L) to precipitate the phosphate. During precipitation, the leachate was agitated by a magnetic stirrer for 60 min and then stopped for 10 min to allow the suspension to settle. The supernatant was removed using a syringe, while the remaining suspension was further separated by centrifugation (at 2 000 rpm). The collected precipitate was dried at 333 K and weighed. The precipitate was then calcinated at 873 K for 120 min in a Pt crucible, where the resulting weight loss after calcination was recorded; which constituted the water of crystallization weight. The composition of precipitate was analyzed by ICP-AES, and the crystalline phases were identified by X-ray powder diffraction (XRD) and X-ray photoelectron spectroscopy (XPS).
Results
Dissolution Behavior of Mineral Phases
The dissolution of cations from their mineral phases into leachates attained steady states after 60 min, where the concentration of each cation became almost constant as reported in previous studies. At high pH values, secondary deposits were formed in the leachates, such as hydroxyapatite [HAP: Ca 10 − x (HPO 4 ) x (PO 4 ) 6 − x (OH) 2 − x ] and amorphous SiO 2 , thus the ratio of dissolved elements might not have equaled the composition ratio of the corresponding mineral phase. The dissolution ratio of each mineral phase (R dis ) is defined by Eq. (1), where: C M is the molar concentration of cation M in the leachate after 120 min leaching (mol/m 3 ), V is the volume of leachate (m 3 ), X MOx is the molecular weight of oxide MO x (kg/mol) and W is the mineral phase weight used for the leaching test (kg).
The relationship between the dissolution ratio of the C 2 S-C 3 P solid solution and leaching pH values are shown in Fig. 1 . The C 2 S-C 3 P solid solution was divided into two groups, one with a C 3 P/(C 2 S + C 3 P) ratio of 0.2 and the other of 0.3, because the 0.2 ratio is commonly observed in the solid solutions from slag fertilizers. The dissolution ratio of C 2 S-C 3 P increased with decreasing pH, and over 80% of the solid solution was dissolved at pH 3. Compared to the pure C 2 S-C 3 P, the dissolution ratio of the actual C 2 S-C 3 P was less because the actual solid solution contained FeO which lowered the water solubility of solid solution as confirmed by a previous study. 9) The P/Ca and Si/Ca ratios in leachates of the solid solution with a C 3 P/(C 2 S + C 3 P) ratio of 0.3 are shown in Fig. 2 . The P/Ca ratio matched the composition of the solid solution only at low pH, because the upper limit of P dissolution at higher pH was governed by the solubility product of secondary deposits such as the HAP. The Si/Ca ratio in the leachate was close to the solid solution and pH independent, indicating that Si dissolution was unaffected by any secondary deposit. A pH of 3 is therefore necessary to completely dissolve the C 2 S-C 3 P solid solution, and the water solubility of solid solution is lowered when FeO is present.
The dissolution ratio of the glassy phase as a function of leaching pH is shown in Fig. 3 , where iron oxide valency significantly affected the glassy phase dissolution, and this was consistent with previous reports. 16) As a result, the glassy phases of Fe 2+ mostly dissolved at pH 3, while the glassy phases of Fe 3+ dissolved by approximately 60%. Nevertheless, the existence of a glassy phase in the slag is undesirable from the perspective of selective leaching, however all crystal phases showed low dissolution ratios as shown in Fig. 4 . Therefore, slow cooling is required to suppress the dissolution of mineral phases except the C 2 S-C 3 P, to prevent glassy phase formation in the slag.
Dissolution Behavior of Artificial Slag
Selective leaching with nitic acid at pH 3, along with slow cooling (to avoid glassy phase formation), and an iron valency of 3+ were thereby the key conditions for preparing artificial slags which were then subjected to leaching tests. An example of artificial slag structure is shown in Fig. 5 . The observed phases were C 2 S-C 3 P solid solution, C 2 S-C 3 P solid solution containing about 6% of MgO [C 3 MS 2 (−P)], MgO-Fe 2 O 3 , and MgO. The C 3 MS 2 (−P) and MgO were formed by melting the slag in a MgO crucible. According to the composition of each phase, most of the P, Ca, and Si were contained within the C 2 S-C 3 P solid solution.
The dissolution ratio for each oxide from artificial slag was calculated using Eq. (2). Here, %MO X is the mass fraction of oxide (MO x ) in the slag (mass%). The dissolution ratios of oxides from artificial slags are shown in Table 3 . Nearly entire amounts of P, Ca, and Si were dissolved from the Fe 2 O 3 slag (of Fe 3 + valency), while the Fe, Mn, and Al barely dissolved. Thus, selective leaching was achieved owing to the dissolution of C 2 S-C 3 P, whereas the dissolutions of other mineral phases were completely suppressed. In contrast, the FeO slag (of Fe 2 + valency) showed a lower dissolution ratio of P, but a higher dissolution ratio of Mn. For the purposes of simplification, the slag for which iron oxide was controlled as FeO will now be referred to as the FeO slag, while iron oxide controlled as Fe 2 O 3 will be referred to as the Fe 2 O 3 slag.
After 120 min leaching, the slag residue was collected and weighed, and its composition was analyzed by ICP-AES. The mass balance before and after leaching are shown in Figs. 6 and 7. As shown in Fig. 6 , about 90% of solid solution from the Fe 2 O 3 slag solid solution dissolved, with the residue became rich in Fe 2 O 3 and MnO. Comparing the mass of P in leachate to that in slag before leaching, nearly 91% of P was dissolved. In the FeO slag, the dissolved ratio of the solid solution decreased to approximately 70%, and the P content of residue was not low as shown in Fig. 7 .
The effect of the Fe 2 O 3 /(FeO + Fe 2 O 3 ) ratio on the dissolutions of P, Fe, and Mn are shown in Fig. 8 . Compared to the slag with a Fe 2 O 3 /(FeO + Fe 2 O 3 ) ratio of 1, the dissolution ratio of P slightly decreased when more FeO was mixed in, while that of Fe and Mn both increased even when only 20% of the FeO was mixed in. This difference was insignificant to the performance of selective leaching. However, if the precipitate is to be utilized as phosphate fertilizer, a low concentration of Fe would be required. Therefore, it is necessary to control the iron valency at 3 + .
Phosphate Precipitation from Leachates
Leachates obtained from both Fe 2 O 3 and FeO slags were precipitated by increasing the pH. The precipitation ratio of a given element M (R Prec (M )) was calculated by Eq. The precipitation ratio of each element is shown in Fig. 9 . Fig. 8 . Influence of the valency of Fe in the synthesized steelmaking slag on the dissolution ratio of P, Mn and Fe. Fig. 9 . Precipitation ratio of P, Ca and Si from leachate at various pH. For the Fe 2 O 3 slag, more than 80% of P precipitated at pH 7, while the precipitation ratio of Si was 10% at pH 7 which kept increasing with rising pH. The precipitation ratio of Ca also increased with increasing pH, but it was only about 20% even at pH 11. For the FeO slag, similar precipitation trends were found, but the Fe precipitated simultaneously with P after increasing the pH. Therefore, the only method to decrease the Fe content in the precipitate is to inhibit its dissolution and as shown in Fig. 7 , it is crucial to maintain the Fe 2 O 3 /(FeO + Fe 2 O 3 ) slag ratio of 1.
The compositions of precipitates obtained at different pH values are listed in Table 4 . The P 2 O 5 content of precipitates reached about 25 mass%, at pH 7 using the Fe 2 O 3 slag leachate. However, the P 2 O 5 content decreased due to the precipitation of SiO 2 at higher pH values. For the FeO slag, the P 2 O 5 content in precipitate was less than 20 mass% due to the poor leaching selectivity. The XRD patterns for the precipitates obtained at pH 7 from the Fe 2 O 3 slag leachates are shown in Fig. 10 . The precipitate appeared as a glassy phase even after calcination. Nevertheless, since 86% of the leachate P was contained in this precipitate (Fig. 9) , and that the dissolution ratio of P was 91% in Fig. 6 , the overall recovery ratio of P from the Fe 2 O 3 slag reached 78%.
Discussion
Although C 2 S-C 3 P solid solution can be selectively leached by citric acid, recovering phosphate by precipitation has proved difficult in a previous study. 14) The different effects of nitric and citric acids on the merits of both leaching and precipitation are therefore now considered. A geochemical modelling program, PHREEQC, (as developed by the United States Geological Survey) was used for analyzing the reactions in the aqueous solutions containing the various leachate elements in our experiments. 18) For a dissolution reaction (4), the saturation index (SI) of a compound A x B y can be calculated to evaluate the equilibrium state of each element in leachates. The SI is defined by Eq. (5) , where the K SP indicates the equilibrium constant of reaction (4), I AP is the ion activity product (IAP) of the cation A y + and anion B x − , as defined by Eq. (6). To calculate IAP, the interactions among all the ions and the formation of various complexes in the leachate under current experimental conditions were taken into account. 6) If the calculated SI of a compound is 0, then the leachate is saturated with this compound, while SI values of respectively smaller or larger than 0, indicate an under or over saturation. The following reaction (7) was added to the database of a computer package, (i.e. an LLNL database and the PHREEQC software). The calculated SIs of several compounds (obtained using the leachate composition) after leaching the Fe 2 O 3 slag for 60 min with nitric or citric acid are presented in Table 5 . In addition, those compounds from the LLNL database are listed which have SIs close to 0 and that may affect the solubility of P. However, as the SIs of Berlinite (AlPO 4 ), DCPD (CaHPO 4 :2H 2 O), and HAP (Ca 5 (OH)(PO 4 ) 3 ) were smaller than 0, the solubility of P was unaffected. Despite the SI of Todorokite (Mn 7 O 12 :3H 2 O) being larger than 0 in the nitric leachate, P solubility was unaffected because P was absent.
However, the nitric leachate was over saturated with Goethite (FeOOH), which is well known for absorbing P from solution, nevertheless its adsorptive capacity is only a Fig. 10 . Result of XRD analysis for the product before and after calcination. Based on the above considerations on SI, strengite affected the water solubility of P, while DCPD as well as HAP could be considered as being at the upper limit of P dissolution. Thus, the solubilities as a function of pH for strengite, DCPD, and HAP were calculated and compared with the experimental results, as shown in Figs. 11 and 12 . The leachate concentrations of P at pH 3 are marked as circles, while the remaining concentrations of P in the leachate after precipitation at pH 7 are marked as squares. The P concentration at complete dissolution of the P-containing artificial slag is also drawn in as a horizontal dotted line.
As shown in Fig. 12 , in the citric acid solution, the P concentration measured at pH 3 equaled that of the completely dissolved slag, which was lower than the solubilities of DCPD, HAP, and strengite. When using citric acid at pH 3, P had therefore completely dissolved from the slag without any effects from secondary deposits. When the pH was increased to 7 to achieve precipitation, then complexes of Ca-Citrate condensed, and thus the Ca-P precipitate was unable to be obtained from the citric acid leachate.
The concentration of P measured in the nitric acid leachate at pH 3 was lower than the solubilities of DCPD and HAP, but higher than that of strengite, as shown in Fig. 11 . The P concentration dissolved from the Fe 2 O 3 slag almost reached that when the slag underwent complete dissolution, but the P concentration from dissolved FeO slag was less, because the Fe which dissolved together with P affected the soluble P; as discussed later. However, after precipitation at pH 7, the concentration of P remaining in the leachate fell to the solubility line of HAP for the FeO slag, and was located between the solubility of HAP and DCPD for the Fe 2 O 3 slag. Therefore, the solubility of P in the nitric acid leachate was much decreased when increasing the pH, and the Ca-P precipitate was generated. Upon comparing the differences of using nitric and citric acids, similar leaching results were obtained at pH 3, but the nitric acid leachate preferentially precipitated phosphate at the increased pH.
As aforementioned, the P dissolved from the FeO slag at pH 3 did not reach complete dissolution, because of the obvious presence of strengite when the Fe concentration of the leachate increased. The following discussion now focuses on understanding the effect of strengite on soluble P.
Assuming initial concentrations in the nitric acid leachate of 100 mg/L P, 300 mg/L Ca, and various concentrations of Fe, then the equilibrium P concentration was calculated by pHREEQC using the LLNL database. In the calculation, the oxidation and reduction potential (ORP) of the leachate was assumed to be determined by air, because the leaching tests were conducted in air. Additionally, the pH was fixed at 3 and the ion balance was adjusted by nitrate.
The calculated results are shown in Table 6 . The upper half presents the initial conditions for calculation, and the lower half shows the equilibrium P concentration in the leachate after the precipitation of strengite. The effect of strengite on the soluble P enlarged by increasing the initial Fe concentration. When the Fe concentration was 1/5 of P, then about 10% of the P precipitated. When the Fe concentration equaled P, more than 50% of the P precipitated. The Fe/P ratio in the leachate of the Fe 2 O 3 slag was experimentally about 0.07, but increased for the FeO slag to about 1.004. Thus, the Fe 2 + dissolved from the FeO slag was partially oxidized in the leachate and formed strengite, which decreased the soluble P in the leachate. Since the oxidation rate of Fe 2 + was slow at the low pH, control over the ORP and shortening of the leaching time appeared to be possible ways to suppress strengite formation. However, to lower the Fe content in precipitate, there was no other way but to suppress the Fe dissolution from the slag.
Conclusions
In steelmaking slag, phosphorus is distributed between the 2CaO·SiO 2 -3CaO·P 2 O 5 solid solution and liquid phase at the refining temperature. We have been developing an optimized leaching process for separating phosphorus from the 2CaO·SiO 2 -3CaO·P 2 O 5 solid solution compared with other phases based on their water solubility differences. In this study, by controlling the Fe 2 + /Fe 3 + ratio and mineral phases in the slag, selective leaching of the C 2 S-C 3 P solid solution was investigated using nitric acid. Moreover, phosphate recoveries from leachates were also studied. The following conclusions were drawn:
(1) To achieve complete dissolution of the 2CaO·SiO 2 -3CaO·P 2 O 5 solid solution, the pH needs to be set at 3, and the presence of FeO in solid solution leads to decreased solubility. In order to suppress the dissolution of the other phases, the slag should be slowly cooled to prevent formation of the glassy phase.
(2) For an artificial slag with trivalent iron that was slowly cooled, about 90% of the C 2 S-C 3 P solid solution was leached by nitric acid at pH 3, where the dissolution ratio of P reached about 91%. The residue collected after leaching mainly consisted of Fe 2 O 3 and MnO. When the iron was divalent, the dissolution ratio of the solid solution decreased to about 70%, while the P content in the residue increased.
(3) By varying the iron valency between 2+ and 3+, the dissolution ratio of P slightly decreased by a mixing in of Fe 2+ . Compared to the Fe 2 O 3 slag, the dissolution ratio of Fe and Mn increased even when only 20% of Fe 2+ was mixed.
(4) Following the separation of leachate and residue, phosphate was precipitated by increasing the leachate pH with alkali. For the Fe 2 O 3 slag leachate, more than 80% of P was precipitated, and the P 2 O 5 content of the precipitate reached about 25 mass%. The SiO 2 content of precipitate increased at higher pH values.
(5) A precipitation ratio for P was calculated as 86% when comparing precipitated P with leachate P, whereas 78% of P contained in the slag was recovered.
